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Abstract

In this study, we analyze ionospheric and thermospheric changes during a composite geomagnetic storm on 4–5 November 2023 with two activity periods. On 4 November, the corotating interaction region (CIR) compression resulted in moderate activity (SYM-H = −60 nT), while on 5 November the arrival of two Coronal Mass Ejections (CMEs) embedded into the ongoing CIR caused intense geomagnetic disturbances (SYM-H = −188 nT). Using global observations of vertical total electron content (VTEC) from the Universitat Politècnica de Catalunya (UPC) Global Ionosphere Maps (GIMs) and the normalized Ionospheric storm scale from UPC GIMs (IsUG) storm-time index, we examine ionospheric anomalies during these events. The IsUG index reveals that both events began with positive VTEC changes, but their delayed responses differed significantly. During the 4 November event, the negative phase did not develop, while the 5 November storm produced severe negative VTEC anomalies. Using complementary satellite observations of thermospheric composition, temperature and density, along with ionosonde-derived large-scale traveling ionospheric disturbances (LSTIDs) velocities, we show that these contrasting responses were caused by differences in thermospheric heating and composition. On 4 November, high-latitude heating was weak, while in the 5 November storm it was significant and led to the development of global disturbance winds and strong O/N2 decreases, causing severe negative VTEC anomalies. Despite the complicated morphology, the IsUG index could track these dynamics in agreement with the underlying physical processes, and can be used for monitoring of complex ionospheric storms.
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1 Introduction
During geomagnetic storms, large amounts of energy and momentum are deposited into the high-latitude ionosphere, causing rapid and dramatic changes in the ionosphere-thermosphere (IT) system (Buonsanto, 1999; Mendillo, 2006; Prölss, 2008; Kelley et al., 2011). These changes lead to fast and often unpredictable fluctuations in electron density that can adversely affect various technological systems. In particular, storm-time ionospheric variations frequently degrade the Global Navigation Satellite Systems (GNSS) accuracy and cause blackouts of high-frequency (HF) and satellite communications (e.g. Liu et al., 2021). In order to mitigate these hazardous effects, it is important to study the influence of geomagnetic storms on the ionosphere-thermosphere system and improve our capabilities of monitoring these events.
One of the ways to monitor storm-time changes in different domains of the near-Earth space environment is by using activity indices. For instance, the geomagnetic Kp index reflects the magnetic field disturbances on a planetary scale (e.g. Matzka et al., 2021). Other widely used proxies include the Disturbance storm time (Dst) index, which quantifies ring current strength, and auroral indices such as the Auroral Electrojet (AE) index (Mayaud, 1980). Each of these indices provides a one-dimensional activity proxy. However, ionospheric morphology during storms depends to a large extent on solar activity phase, season, local time and location. This additional complexity makes finding a unified ionospheric index challenging, and multiple storm-time proxies have been proposed over the years. Notable approaches include the global planetary ionospheric index WP (Gulyaeva & Stanislawska, 2008), a disturbance ionospheric index (DIX) based on dual-frequency GNSS carrier phase measurements (Jakowski et al., 2012) and its modifications (Wilken et al., 2018), ionosonde-based indices (Bremer et al., 2006), and those combining ionosonde and Vertical Total Electron Content (VTEC) observations (Nishioka et al., 2017), as well as recently developed disturbance indices based on the temporal VTEC changes (Nykiel et al., 2024a).
Recently, Liu et al. (2021) proposed global maps of ionospheric storm-time indices IsUG, derived from the VTEC maps produced by Universitat Politècnica de Catalunya (UPC-IonSAT research group). IsUG represents local VTEC anomalies with respect to the 27-day averages in the respective bins of latitude and local time, further standardized across seasons and solar cycle phases. To assess the ability of IsUG maps to capture storm-time ionospheric variability, it is important to analyze the features they depict in relation to known physical drivers. In particular, the ionospheric behavior during storms can be classified into the positive and negative phases, which correspond to the enhancements or depletions of VTEC, respectively (Appleton & Ingram, 1935; Berkner et al., 1939; Rishbeth, 1998; Mendillo, 2006). Although the precise sequence of events and the interplay of different drivers are unique for each storm, it is generally possible to distinguish between drivers leading to immediate storm-time effects, such as fast modifications of the electrodynamics, and delayed effects due to changes in the thermospheric composition and global circulation patterns (Fuller-Rowell et al., 1994, 1996; Rishbeth, 1998; Förster & Jakowski, 2000; Mendillo, 2006; Prölss, 2011).
Fast initial changes in the ionosphere-thermosphere system during geomagnetic storms are caused by the development of the so-called prompt penetration electric fields (PPEFs) (Nishida, 1968; Kikuchi et al., 1996, 2008, 2010; Huang et al., 2007). They occur due to rapid changes in the magnetospheric convection pattern that allows it to expand down to equatorial latitudes almost instantaneously and cause changes in the plasma distribution within around 1–2 h. The resulting PPEF is usually directed eastward on the dayside and westward on the nightside, altering the E × B drift directions in the equatorial ionosphere (e.g. Fejer & Scherliess, 1997; Fejer et al., 2008; Xiong et al., 2016). During the day, PPEFs generally increase the upward E × B velocity and lead to an intensification of the equatorial ionization anomaly (EIA). During particularly strong events, PPEFs can produce the so-called superfountain effect which corresponds to poleward extension of the EIA crests and higher electron densities at low- and mid-latitudes (e.g. Mannucci et al., 2005; Tsurutani et al., 2007; Venkatesh et al., 2019; Rout et al., 2025).
Prompt penetration electric fields do not remain active for longer than a few hours, and the later storm-time changes in the IT system are generally attributed to changes in the atmospheric composition and global circulation patterns (Fuller-Rowell et al., 1994, 1996; Rishbeth, 1998; Prölss, 2008, 2011). Storm-time high-latitude heating enhances neutral temperatures, establishing meridional pressure gradients that create equatorward winds and a change of global circulation that can persist for over a day. In addition, the impulsive nature of energy input at high latitudes launches atmospheric gravity waves (AGWs), which can take 4–6 h to reach the equator (Blanc & Richmond, 1980; Richmond et al., 2003; Xiong et al., 2015). The combination of these processes has two important implications: (1) it creates a disturbance dynamo electric field (DDEF) that leads to downward E × B drifts at the equator during daytime, suppressing the EIA formation and contributing to negative storm-time effects, and (2) upwelling of the molecular-rich air that reduces the O/N2 ratios and also leads to negative storm-time anomalies in VTEC (Astafyeva et al., 2015; Nava et al., 2016). A further manifestation of these storm-time winds is the generation of Large-Scale Traveling Ionospheric Disturbances (LSTIDs), which present wave-like plasma density fluctuations propagating equatorward with periods longer than 1 h, velocities over 300 m/s and wavelengths between 1000 and 3000 km (e.g. Prölss & Ocko, 2000; Hernández-Pajares et al., 2012; Tsagouri et al., 2023; Nykiel et al., 2024b). LSTID velocities can be tracked by means of both the GNSS receivers and ionosondes and can serve as a proxy for the development of storm-time neutral winds and their directions (Bowman, 1965; Maeda & Handa, 1980; Tedd & Morgan, 1985; Altadill et al., 2020).
In this study, we analyze a composite geomagnetic storm on 4–5 November 2023 in order to assess the ability of the IsUG index to track the storm-time variability of the ionosphere and to evaluate its consistency with physical processes in the ionosphere-thermosphere system. This storm had two activity periods, with moderate disturbances on 4 November and a period of strong geomagnetic activity a day later. These events corresponded to complex heliospheric morphology and resulted in vastly different ionospheric responses, with mostly positive VTEC anomalies on 4 November and severe negative changes following the 5 November event. Furthermore, the 4–5 November events prompted a rare and severe degradation of the Approach with Vertical Guidance-I (APV-I) availability of the European Geostationary Navigation Overlay Service (EGNOS). APV-I defines the safety margins indicating how much error is acceptable in horizontal and vertical positions (40 and 50 m, respectively), and when these thresholds are exceeded, the system might not be considered safe for applications like aircraft landing and precise approaches (Krasuski & Wierzbicki, 2020). During the 4–5 November 2023 storm, the APV-I availability in Northern Europe decreased from >99.9% during the quiet times to about 80% during the storm events (Fig. 1). The emails alerting the users of an “important/severe” system degradation were sent out, which places the 4–5 November events among only 25 occurrences in the last decade where such strong degradation occurred. Therefore, the 4–5 November storm provides an interesting test case to evaluate whether the IsUG index can be used to track the evolution of complex and composite storms. By using multi-instrument data, we demonstrate that global IsUG maps reflect features resulting from known physical drivers and can be used for routine ionospheric monitoring during geomagnetic storms.
	[image: Thumbnail: Figure 1 Refer to the following caption and surrounding text.]	Figure 1 EGNOS APV-I combined daily availability for (a) pre-storm conditions on 3 November 2023, and (b) storm conditions on 4 November 2023 that corresponded to a significant decrease of the APV-I availability, especially in the Northern Europe (from >99.9% before the storm to ∼80% during the storm). This prompted the notification of “important/severe” degradation to be sent out, and represents one of only 25 occurrences since 2014 where such strong degradation occurred.



2 Dataset
Over the past few decades, various observational techniques and instruments have been developed to study the Earth’s ionosphere and thermosphere, offering valuable opportunities to analyze the influence of geomagnetic storms on the IT system through coordinated observations on a global scale (Astafyeva et al., 2015; Nava et al., 2016; Zakharenkova et al., 2016; Aa et al., 2023a,b). In this Section, we describe the data sets used for analyzing the effects of 4–5 November 2023 geomagnetic storms on the ionosphere and thermosphere, to analyze the physical mechanisms behind the features highlighted as anomalous in the IsUG index maps.
2.1 UQRG VTEC maps
One of the most widely used ionospheric parameters is the total electron content, which represents the integrated electron density between the ground-based receivers and GNSS satellites (Garner et al., 2008). These measurements depend on the slanted path of the signal through the ionosphere and plasmasphere, and need to be converted into the vertical total electron content, which can be done, for instance, using mapping functions (Mannucci et al., 1998) or ionospheric tomography (Hernández-Pajares et al., 1999). Several well-established analysis centers are tasked with producing global ionospheric maps (GIMs) of VTEC for the International GNSS Service (IGS) (Hernández-Pajares et al., 2009). GIMs are typically provided in the IONosphere EXchange (IONEX) format with a spatial resolution of 2.5° × 5° geographic latitude (GLat) and longitude (GLon) and temporal resolution from 15 min to 2 h (the techniques used by different IGS analysis centers are described by Roma-Dollase et al., 2018). Within the IGS, the ionospheric working group (Iono-WG) is responsible for deriving the combined IGS GIMs by comparing results from different processing techniques and analysis centers within the community.
One of the VTEC GIMs with high temporal resolution (15 min) and accuracy is the UPC Quarter-hour resolution Rapid GIM (UQRG, Roma-Dollase et al., 2018). UQRG maps are generated by UPC-IonSAT on a daily basis and with a latency of less than 2 days (rapid in IGS terminology) and are available since end of 1996, for instance from the PITHIA e-Science Centre developed under the EU-funded project PITHIA-NRF. The UQRG VTEC GIMs, derived using a two-layer ionospheric tomography, are able to capture realistic features, including in complex regions corresponding to sparse data coverage, such as the polar ionosphere (Hernández-Pajares et al., 2020). They have been used in various applications, for instance, to mitigate efficiently the Faraday rotation induced by the ionosphere in the Low Frequency Array (LOFAR) radioastronomical measurements (Porayko et al., 2023), to generate GIMs of VTEC gradients, and GIMs of ionospheric storm scale indices, fully consistent with the ones generated from raw GNSS measurements with completely different techniques by other authors, as is respectively shown in Liu et al. (2021, 2022). UQRG maps have been proven to be amongst the most reliable GIMs (Adil et al., 2025) and are frequently used by the community (e.g. Nava et al., 2016; Yasyukevich et al., 2018; Zhang & Zhao, 2019; Babu Sree Harsha et al., 2020; Cesaroni et al., 2020; Krishna & Ratnam, 2020; Younas et al., 2020, 2022, 2023; Wielgosz et al., 2021; Wu et al., 2021; Zhukov et al., 2021; Adolfs et al., 2022; Campuzano et al., 2023; Long et al., 2024; Xi et al., 2024, among others).
2.2 Ionospheric storm-time index IsUG
Due to the fact that VTEC values can be vastly different depending on solar activity levels, seasons, local times, and geomagnetic disturbances, Liu et al. (2021) introduced a normalized storm scale index IsUG, which is derived as follows. Using the global UQRG VTEC maps, hourly mean values are derived for every cell on the 2.5° × 5° GLat-GLon grid. These values are subtracted from the 27-day means for the same cell and local time, thus removing the diurnal and seasonal variations, as follows:
[image: Mathematical equation: $$ {P}_{\textrm{TEC}}=\frac{100\times \left({G}_{\textrm{TEC}}-{R}_{\textrm{TEC}}\right)}{R_{\textrm{TEC}}}, $$](1)
where GTEC represents the hourly averaged values, and RTEC is the 27-day averaged value. The 27-day period was chosen as it is consistent with the solar rotation period (for details, see Liu et al., 2021). The values are further normalized by their mean values (μ) and standard deviations (σ) from 1997 to 2014, calculated for every hour and season for each grid cell. The normalized IsUG index can be written down as follows:
[image: Mathematical equation: $$ \textrm{IsUG}=\frac{100\times \left({P}_{\textrm{TEC}}-\mu \right)}{\sigma }. $$](2)
After analyzing the statistical distributions of IsUG, Liu et al. (2021) developed an empirical scale of values corresponding to the quiet, negative and positive storm effects, at moderate, strong or severe intensity levels (see Table 1), including the corresponding percentage of occurrence during 1997–2014. Using IsUG allows one to generate realistic global maps of the ionospheric disturbance levels that can be analyzed consistently and compared across varying seasons, local times and geographic locations. Liu et al. (2021) presented statistical analysis of the IsUG values, but the index has not been used for detailed case studies of ionospheric storms yet. Throughout this study, by ionospheric anomalies we specifically refer to variations of the IsUG index: positive IsUG values correspond to VTEC enhancements relative to the 27-day climatological baseline (normalized for solar-cycle and seasonal conditions), whereas negative IsUG values indicate relative VTEC depletions.
Table 1 
The definition and occurrence probability of IsUG derived from UQRG GIMs during the period 1997–2014 (reproduced from Liu et al. (2021)).

2.3 Thermospheric data from GOLD, TIMED and GRACE-FO missions
Thermospheric variability plays an important role in the ionospheric morphology during geomagnetic storms, and therefore we use several available data sets to compare features seen in VTEC and IsUG to the known physical mechanisms. To evaluate the high-latitude thermospheric heating, we use observations by the Global-scale Observations of the Limb and Disk (GOLD) mission. GOLD represents a spectrograph observing Earth’s ultraviolet (UV) emissions at wavelengths from 134 to 162 nm (Eastes et al., 2017; McClintock et al., 2020). The measurements are conducted using two channels (denoted as A and B) in a tilted orientation that allows scanning either the Northern or Southern hemisphere by using two back-to-back plane mirrors. GOLD is placed at the geostationary orbit (−47.5° longitude) and provides scans of a fixed geographic region from −120° to 20° GLon and completes a full-disk scan every ∼2 h from around 8:30 to about 18:30 UT. There are several observational modes, including the occultations, day disk scans and limb scans, that allow deriving several key parameters of the neutral thermosphere (Gan et al., 2024). The TDISK product, provided in the Level 2, contains the effective neutral atmospheric temperatures derived from day disk observations of N2 Lyman-Birge-Hopfield (LBH) emissions and can be used to evaluate the high-latitude heating during storms (for details, see Evans et al., 2024).
To evaluate changes of the thermospheric composition, we use O/N2 observations performed by the Global Ultraviolet Imager (GUVI) onboard the Thermosphere, Ionosphere, mesosphere Energetics and Dynamics (TIMED) satellite (Christensen et al., 2003). The TIMED mission has been operating since 2001, providing observations of several thermospheric quantities, focusing particularly on the lower thermosphere. The GUVI instrument takes spectroradiometric measurements of the far UV (FUV) airglow emission from 120 to 180 nm that are typically due to the major upper atmospheric species (H, O, N2 in emission and O2 in absorption) (Meier et al., 2015). The GUVI observations are used to derive the O/N2 column ratios below the satellite orbit of ∼625 km, providing a global picture every ∼15 orbits (e.g. Astafyeva et al., 2015).
To assess the thermospheric expansion during the 4–5 November events, we use the neutral density observations by the Gravity Recovery and Climate Experiment Follow-On (GRACE-FO) mission. GRACE-FO was launched in May 2018 and consists of two identical satellites on near-polar orbits with altitudes of ∼500 km (Flechtner et al., 2012). Both GRACE-FO satellites are equipped with high precision triaxial accelerometer instruments that allow measuring non-gravitational forces and provide information about the satellites’ linear and angular accelerations (Behzadpour et al., 2021; Siemes et al., 2023). In particular, Siemes et al. (2023) developed an improved method of modeling the radiation pressure (see also Hładczuk et al., 2024) and a consistent calibration technique, which allowed for a derivation of neutral densities along the satellite orbit from accelerometer observations. The corresponding data are provided in open access by the TU Delft.
2.4 LSTID catalog
Ionosondes provide ground-based measurements of relevant ionospheric observables that can be useful to characterize the geomagnetic storm effects. In particular, they play a crucial role in monitoring LSTIDs by providing real-time measurements of ionospheric characteristics such as Maximum Usable Frequency at 3000 km (MUF(3000)) and critical frequency of the F2 layer (foF2). The high-frequency interferometry (HF-INT) method, developed by Altadill et al. (2020), processes data from a comprehensive network of European ionosondes through the Global Ionospheric Radio Observatory (GIRO) DIDBase Fast Chars database in near-real time, identifies quasi-periodic oscillations in the MUF(3000) across multiple ionosonde locations and, performing spectral analysis, detects and characterizes LSTID events by calculating the amplitude, the dominant oscillation period, and the propagation velocity vector. A more detailed explanation of the HF-INT method can be found in Altadill et al. (2020). Based on the results from this method, a detailed LSTID event catalog has been compiled, documenting observed LSTID events with parameters such as onset time, duration, and the average dominant period, amplitude, and propagation velocity for the event duration. This comprehensive open-access catalog is detailed in Segarra et al. (2024) and provides an organized and systematic record of LSTID events over Europe from 2014 to 2023.
3 Results
In this Section, we present observational results for the 4–5 November 2023 events. We first analyze the solar and geomagnetic conditions during this time period, and then show a detailed examination of how these fluctuations influenced the VTEC, analyze the storm-time features highlighted in IsUG maps and the corresponding chain of processes in the ionosphere-thermosphere system.
3.1 Solar wind and geomagnetic conditions
The period of the study corresponded to complex heliospheric conditions. Below, we give an overview of solar and geomagnetic conditions during these events, while the in-depth analysis from L1 in-situ data was presented by Gil et al. (2024), accompanied with modeling results of the EUropean Heliospheric FORecasting Information (EUHFORIA) code (Poedts et al., 2020) . According to their results, the moderate geomagnetic activity on 4 November appears consistent with a corotating interaction region (CIR) reaching Earth. Solar wind density started increasing around 12:45, while the velocity remained low (around ∼330 km/s, which is below the usual quiet-time levels). It should be noted that this event exhibited a sudden storm commencement in the SYM-H index (Fig. 2), which is not typical for CIR-driven storms (Borovsky & Denton, 2006). This was most likely caused by the pressure step due to increased solar wind density. However, the EUHFORIA simulations reveal a glancing hit by a CME, which was propagating southward from the Earth and likely contributed to the SSC formation. IMF Bz reached −13 nT during the storm main phase. The corresponding SYM-H values reached about -60 nT, and maximum Kp level was 4.67. The main phase of the event lasted up until around ∼23:00 (Fig. 2g). Around midnight, the IMF turned northward, and the recovery phase began, lasting for approximately 12 hours. In general, the 4 November event was moderate and relatively short-lived, as SYM-H recovered to almost the pre-storm levels already ∼12 h after the main phase, and Kp levels returned down to 2.0.
	[image: Thumbnail: Figure 2 Refer to the following caption and surrounding text.]	Figure 2 Solar wind and geomagnetic conditions during the period of this study. The times of three sudden storm commencements are marked with yellow vertical lines.



On 5 November, two CMEs hit Earth, producing a strong double-dip geomagnetic storm, classified as a G3 event by NOAA. Gil et al. (2024) note that according to EUHFORIA simulations, these CMEs were propagating through the ongoing CIR. Sheath encounters on 5 November could be identified by increases in the solar wind velocity, density, and plasma β (Fig. 2). Inside the magnetic flux ropes, most of these parameters dropped relative to the sheath, while magnetic field showed smooth rotation, consistent with typical CME signatures (Gil et al., 2024). The rapid southward turning of the IMF around 09:00 UT (reaching −19 nT) and a spike in the solar wind dynamic pressure led to an SSC as seen in the SYM-H index around 09:30 UT. This period also corresponded to a sharp increase of the Kp index (from 2 to 5.67). The second SSC occurred later in the day around 14:00 due to the arrival of the next sheath. IMF Bz magnitude reached −21 nT and remained negative for a prolonged time, leading to a strong minimum of SYM-H of −188 nT and maximum Kp value of 7.33. The main phase of this even lasted until ∼17:00, and the recovery phase lasted for approximately 2 days and corresponded to relatively low IMF magnitudes. EUHFORIA simulations of Gil et al. (2024) indicate the first CME encounter to be glancing, while the second impact was more central; both of them interacted with an ongoing CIR, thus producing a non-textbook storm morphology.
Due to close activation times of the 4 and 5 November events (the recovery after the 4 November event lasted ∼12 hours) and mixed driving, we avoid describing them as independent storms. Instead, when analyzing the ionosphere-thermosphere changes, we view them as parts of the same composite storm. To avoid confusion with the conventional storm-phase terminology (main and recovery phases that refer to periods of ring current buildup and return to quiet conditions, respectively), we refer to the 4 and 5 November activity periods as events rather than phases throughout the paper.
3.2 VTEC and IsUG variations
Figure 3 shows global UQRG maps of the total electron content during the moderate event on 4 November 2023, including the recovery phase the following day. In the pre-storm phase, shown in the top row of Figure 3, the global VTEC morphology followed the expected quiet-time behavior. A hemispheric difference could be seen in VTEC, with higher values in the Southern hemisphere. This period falls within the December solstice (D) season, based on the classification by Lloyd (1874), which divides the year into three four-month intervals: D-season (November–February) and J-season (May–August), centered on the solstices, and E-season (March–April and September–October) combining months around the two equinoxes. As November is at the beginning of the D-season, it generally corresponds to local summer conditions in the Southern Hemisphere and higher ionization rates. In general, a pronounced EIA could be seen before the storm, with the Northern crest being stronger than the Southern one (e.g. at 14 UT). The VTEC values were elevated during the storm compared to the pre-storm conditions around the EIA crests. During the main phase of the event, one could see a development of the storm-enhanced density (SED) plume in the North American region starting around 20:00 UT and persisting for approximately 4 hours. The VTEC values in the SED plume were approximately 50% higher compared to the conditions on 3 November, which are considered to be quiet times (Fig. S1.1 in the Supplementary Material S1). During the main phase, pronounced VTEC enhancements by up to ∼100% could be seen around the auroral oval (Figs. 3 and S1.1). In the Northern hemisphere, they persisted from 18 UT on 4 November until ∼02 UT on 5 November, while in the Southern hemisphere they could be seen until 08 UT on 5 November.
	[image: Thumbnail: Figure 3 Refer to the following caption and surrounding text.]	Figure 3 VTEC evolution during the 4 November event. VTEC was mostly enhanced, both at high latitudes and around the EIA crests. In the main phase, a SED plume developed over the North American sector around 22:00 UT.



Figure 4 shows maps of the IsUG storm-time index during the 4 November event (the level specification for this index is given in Table 1). During the pre-storm conditions, the IsUG values remained generally within the quiet range (within ±1), showing only minor variations (top row of Fig. 4). During the main phase, one could observe intense enhancements of IsUG at high latitudes, with positive values ∼4–5, which indicate strong-to-severe positive enhancements of VTEC compared to the 27-day averages. While the initial high-latitude increases were observed already around 20:00 UT on 04 November 2023, the enhancements around the EIA crests first manifested 1–2 hours later, around 21–22 UT. These enhancements also correspond to positive ionospheric storm phases, and indicate strengthening of the equatorial plasma fountain effect. In comparison with raw VTEC values shown in Figure 3, one can see that the EIA crests extended to slightly higher latitudes compared to the pre-storm conditions. Based on the storm-time TEC index, the 4 November event was mostly positive, with no strong negative phase. While some negative disturbances could be observed during the recovery phase in the Southern hemisphere, they were mild and rather localized compared to strong global enhancements of VTEC seen during the main phase.
	[image: Thumbnail: Figure 4 Refer to the following caption and surrounding text.]	Figure 4 Ionospheric storm-time index IsUG during the 4 November 2023 event. The pre-storm values remained close to zero, while during the storm one could see the development of a strong positive phase at high and mid-latitudes, followed by a weak negative phase ∼8 hours later, localized in the Southern hemisphere.



VTEC variations during the strong event on 5 November (Fig. 5) were markedly different from those during the preceding moderate activity period. During the main phase of the storm, one could see a strong intensification of the equatorial ionization anomaly crests (around 15–20 UT on 05 November), as well as extension of the EIA up to ∼40°–50° quasi-dipole latitude (QDLat), indicating the formation of the superfountain effect (second row in Fig. 5). In the Northern hemisphere, an SED plume could be seen over the North American region during the main phase, starting from ∼18 UT until ∼22 UT. The superfountain effect was particularly strong in the American sector, as shown in the VTEC keograms presented in the Supplementary Material S1 (Fig. S1.2). The corresponding VTEC values were up to 100% higher compared to the quiet times (Fig. S1.1 in the Supplementary Material S1). In terms of the ionospheric storm-time index, these initial TEC enhancements during the 5 November event were classified as severe positive effects (Fig. 6).
	[image: Thumbnail: Figure 5 Refer to the following caption and surrounding text.]	Figure 5 VTEC evolution during the strong storm on 5 November 2023. In the main phase (around 18–20 UT), a strengthening of the EIA could be observed, as well as a formation of a SED plume around North America. However, already by 22:00 UT the EIA crests weakened, and subsequently a strong negative phase has developed.



	[image: Thumbnail: Figure 6 Refer to the following caption and surrounding text.]	Figure 6 IsUG variations during the strong storm on 5 November 2023. In the main phase, there were strongly positive high-latitude VTEC enhancements that quickly involved low and equatorial latitudes. Around 22:00 UT on 05 November, a negative storm phase started to develop. Over the following day, an extreme negative phase occurred, with most pronounced effects in the Southern hemisphere.



During the 5 November event one could see the formation of an intense negative phase during the storm’s recovery starting from around 22 UT, manifested as weakening and merging of the EIA crests and appearance of dark blue regions at mid-latitudes in Figure 5. The normalized storm-time ionospheric index reveals severe negative changes occurring at mid- and high latitudes (Fig. 6). The depletions of VTEC in the corresponding regions lasted for over 36 hours, until around 12–16 UT on 7 November (see also Figs. S1.3 and S1.4 in the Supplementary Material S1). There was a pronounced hemispheric difference in VTEC during the negative phase, with more intense negative effects in the Southern hemisphere. Furthermore, strong longitudinal differences could be observed in the Southern hemisphere, with much stronger negative effects around Indian and Southern oceans compared to other longitudinal sectors. In the Discussion Section, we offer the interpretation of these asymmetries in relation to thermospheric variations, which are presented in the following Subsection.
3.3 Thermospheric observations by GOLD, TIMED and GRACE-FO missions
Ionospheric variations during geomagnetic storms are strongly influenced by changes in the global circulation of the Earth’s thermosphere (Fuller-Rowell et al., 1994, 1996; Rishbeth, 1998), and in order to show that differences between the later stages of the two events highlighted by IsUG are reflective of realistic physical processes, in this subsection we present observations of the neutral temperatures, densities and composition to later discuss them in combination with the ionospheric changes presented above.
Figure 7 shows O/N2 observations by the GUVI instrument onboard TIMED. During the quiet day on 3 November, there was a strong hemispheric asymmetry, with O/N2 values in the Northern hemisphere in the order of 1.4 compared to ∼0.5 in the Southern hemisphere. During storm-times, the O/N2 distributions were significantly modified. While the values remained relatively stable on 4 November, on 5 November the hemispheric asymmetry was exacerbated and a pronounced depletion down to ∼0.2 appeared around the Southern ocean. It further intensified during the recovery phase of the storm, with values ∼3–4 times lower than during quiet conditions. These regions corresponded to the strongest depletions of VTEC (Figs. 5–6). During the recovery phase after the 5 November event, the O/N2 ratios in the Southern hemisphere showed signs of replenishment around 7–8 November but did not return to their pre-storm values.
	[image: Thumbnail: Figure 7 Refer to the following caption and surrounding text.]	Figure 7 O/N2 observations by TIMED/GUVI. A strong decrease occurred in the Southern hemisphere during the 5 November event, with values dropping by a factor of 4 compared to quiet times.



Figure 8 shows the neutral temperature scans observed by GOLD. Each of the presented images accumulates two scans to provide a global view of both hemispheres. The neutral temperatures did not exhibit significant enhancements during the beginning of the main phase of the 4 November event (scan at 18:30 UT) compared to the quiet-time conditions on 3 November. During the strong event on 5 November, however, there was a notable intensification of neutral temperatures by ∼300 K at high latitudes around the main phase (18:30 UT scan in Fig. 8). The GOLD scans reveal much stronger high-latitude heating compared to quiet times and the 4 November event, as well as an additional equatorial temperature increase. It should be noted that while the scan on 5 November was obtained during the peak of the main phase, for the 4 November event, the scan at 18:30 corresponded to the beginning of the main phase and may not be representative of all the high-latitude heating during the event. For this reason, we complement the GOLD temperature scans with observations of the neutral thermospheric densities by GRACE-FO, shown in Figure 9, that can also be used to evaluate the thermospheric expansion. During the period of the study, GRACE-FO crossed the equator at dawn and dusk sectors (around 06 and 18 hours of magnetic local time). During the two activity periods investigated in this study, one could observe high-latitude neutral density enhancements around the times of spikes in the merging electric field (for the calculation details, see Zhou et al. (2016) and the Hp30 index (Yamazaki et al., 2022). These enhancements subsequently propagated towards the equator, on timescales of around 5–6 hours. During the 4 November event, neutral densities were enhanced by a factor of ∼1.5 compared to quiet times, and the equatorward propagation could be observed in both MLT sectors covered by GRACE. The density enhancements were stronger in the Southern hemisphere and propagated into the Northern hemisphere above the equator (00-06 UT on 5 November). During the period of stronger activity on 5 November, the density also propagated equatorwards from high latitudes. Neutral densities increased by a factor ∼5 compared to the pre-storm conditions, which is much higher than during a milder 4 November event.
	[image: Thumbnail: Figure 8 Refer to the following caption and surrounding text.]	Figure 8 Neutral thermospheric temperature scans by GOLD. Neutral temperatures showed pronounced increases around the main phase of the storm at high latitudes (around 18:30 UT on 5 November).



	[image: Thumbnail: Figure 9 Refer to the following caption and surrounding text.]	Figure 9 (a) Geomagnetic Hp30 index, (b) merging electric field, and neutral density observations by GRACE-FO (c) in the dawn and (d) dusk sectors (local times of equatorial crossings 7.5 and 19.5 hours, respectively) throughout the period of the study.



3.4 LSTIDs

Segarra et al. (2024) catalog reports two distinct LSTID events associated with the 4–5 November geomagnetic storm (see Table 2). Additionally, the catalog reports an extra event in the morning of 4 November, which is related to the solar terminator and thus not attributable to storm activity. Note that the parameters shown in Table 2 correspond to the averages for all the active ionosonde sites for the duration of the LSTID event. During the 4 November event, LSTIDs in Europe began around 19:20 and lasted for 4.1 hours. As reported in the catalog, these LSTIDs propagated southwest with a velocity of 642.62 m/s (with a standard deviation of 76 m/s across all stations shown in Fig. 10). The second LSTID event, recorded on 5 November at 16:15 UT corresponded to the peak of the main phase. During this event, LSTIDs had longer duration of ∼7.3 hours compared to 4.1 hours on 4 November; they also had higher velocities of >∼750 m/s (±96 m/s) that were roughly consistent across all ionosondes (Fig. 10b), except for unusually high velocities (1268 ± 214 m/s) at Juliusruh. The LSTIDs were propagating southward, indicating strong equatorward disturbance neutral winds acting during the 5 November event, compared to less intense winds propagating southwest on 4 November. Figure 10 presents the snapshots of the HF-INT method for the main phases of the 4 and 5 November events, while the full evolution of the velocity vectors is provided in the Supplementary (animations S2 and S3). It should be noted that we use data from the European ionosonde network, as they are available through the Segarra et al. (2024) catalog, and this does not imply the absence of LSTIDs in other longitudinal sectors, where a similar analysis can be performed in future studies.
Table 2 
LSTID events during the 4–6 November 2023 geomagnetic storm from the Segarra et al. (2024) catalog.

	[image: Thumbnail: Figure 10 Refer to the following caption and surrounding text.]	Figure 10 Snapshots indicating LSTID activity over Europe on 4 November (a) and 5 November (b) obtained from ionosonde data using the HF-INT method. During the 5 November storm, the LSTID velocities were around 750 m/s and propagated towards the equator, while during the 4 November event the velocities were lower and their vectors were directed southwest.



4 Discussion
Ionospheric storms are characterized by complex patterns that relate to a multitude of drivers, including electrodynamics, changes of the neutral atmospheric composition and circulation patterns, among others (Mendillo, 2006; Prölss, 2008; Prölss, 2011). The interplay of these drivers is unique for every storm, as shown by many studies analyzing individual events (Astafyeva et al., 2015; Nava et al., 2016; Zakharenkova et al., 2016; Zhou et al., 2016; Cherniak & Zakharenkova, 2017; Aa et al., 2023a,b; Aa et al., 2024b). Even though a significant progress in ionospheric monitoring has been made over the past few decades, developing an ionospheric index that would reflect realistic anomalies on the global scale has been challenging and represents an active area of research. In this study, we use the recently developed IsUG index for a case study of 4–5 November 2023 events and assess its ability to track ionospheric disturbances resulting from physical processes in the IT system.
The moderate geomagnetic activity on 4 November started at around 18:00 UT, with the southward turning of IMF Bz that reached the value of −13 nT and increase in the merging electric field to around 4 mV/m. Around the same time, IsUG maps showed strong positive anomalies at high latitudes, which corresponded well with VTEC enhancements around the auroral oval (Figs. 3 and 4). These enhancements quickly intensified, and around ∼2 hours later positive anomalies could be observed around the EIA crests (Figs. 3 and 4). We interpret these positive changes as the consequence of PPEF acting within the first few hours of the storm. PPEFs generally result from the fast equatorward expansion of the high-latitude convection patterns (Tsurutani et al., 2007). They are known to enhance the eastward component of the equatorial electric field on the dayside, leading to stronger upward E × B drift (Scherliess & Fejer, 1997; Fejer & Scherliess, 1997; Xiong et al., 2016). The enhanced upward drifts lift electrons to higher altitudes which correspond to lower recombination rates, allowing these electrons to remain there for longer times. When transported downward due to ambipolar diffusion, they enhance the EIA (Mendillo, 2006; Zhou et al., 2016). While PPEF effects during daytime lead to positive ionospheric effects, they produce negative VTEC changes on the nightside. Namely, they enhance the westward component of the equatorial electric field leading to the downward E × B drift pushing the electrons into lower layers of the atmosphere with higher recombination rates. During the 4 November event, slight negative anomalies in IsUG could be seen on the nightside around 18–20 UT (Fig. 4), consistent with the PPEF action.
The negative phase following the 4 November event was moderate and rather localized. Approximately 10 hours after the storm commencement, negative IsUG values (corresponding to decreases of VTEC) could be seen in the Southern hemisphere, particularly in the region of Indian and Southern oceans (Fig. 4). They coincide with the depletions of O/N2 ratios seen by TIMED/GUVI (Fig. 7). The O/N2 depletions indicate the uplift of the molecular-rich fraction of the neutral gas from low to high altitudes leading to increased recombination rates, and their link to the formation of the negative storm phases is now well established (Prölss, 2008; Prölss, 2011; Astafyeva et al., 2015; Grandin et al., 2015). The O/N2 values in the Southern hemisphere decreased from the quiet-time value of ∼0.4 to about 0.2 during the event around the region of VTEC depletions (Figs. 7 and 4), and therefore, the observed negative changes are most likely attributed to the thermosphere composition changes. On the other hand, in the Northern hemisphere there were increases in O/N2 ratios and the VTEC changes remained largely positive for the entire duration of the storm (Fig. 4). It should be noted that the maximum latitude sampled by TIMED during the event was around 45° and therefore the coverage of GUVI data does not allow analyzing the Northern hemisphere in sufficient detail, while O/N2 scans by GOLD, shown in the Supplementary Material S1 (Fig. S1.5), provide a broader latitudinal coverage and allow analyzing hemispheric differences. A strong hemispheric asymmetry can be observed in GOLD O/N2 data, with an increase in the Northern hemisphere compared to quiet times (e.g. around 10:30 on 5 November in Fig. S1.5). Due to the fact that the ion production rate generally depends on the concentration of atomic oxygen (Fuller-Rowell et al., 1996), the positive VTEC effects in the Northern hemisphere can be attributed to the increase in the atomic oxygen fraction.
During the much stronger 5 November storm, the positive effects tracked by IsUG were generally similar to the first event, with changes initially occurring at high latitudes and quickly involving the mid- and low latitudes. However, unlike during the 4 November event, there was a notable superfountain effect developing in the first few hours of the storm on 18–20 UT (highlighted with white arrows in Fig. 5). The superfountain-related EIA changes, which involved the extension of the crests up to 40–5° QDLat with increases of VTEC by up to 100%, were classified as severe positive effects in IsUG (Fig. 6; see also Fig. S1.1). We attribute development of the superfountain effect within the first 4 hours of the main phase to a strong PPEF action. As discussed by Tsurutani et al. (2007), during large storms, the strong southward IMF leads to much stronger magnetospheric convection. It creates intense dawn-to-dusk electric field that is superimposed onto the quiet-time eastward equatorial electric field on the dayside, leading to much stronger upward E × B drift lifting the plasma to higher altitudes, sometimes up to 900 km (Lu et al., 2013). Due to the subsequent ambipolar diffusion along the field lines, these particles end up at higher latitudes compared to the quiet times. Figure S1.6 in the Supplementary Material S1 shows the equivalent convection patterns for the period of the study, obtained from the ground-based magnetometer observations by the SuperMag network (Gjerloev, 2012). The convection pattern was much stronger during the 5 November event, which agrees well with the formation of the superfountain effects. An additional way to detect the PPEF action, frequently used in ionospheric studies, is by examining ground magnetic field observations, usually in terms of the difference between one equatorial station and one magnetometer located a few degrees off the magnetic equator (Anderson et al., 2002). For the period of 4–5 November, the magnetometer data were analyzed extensively by Agyei-Yeboah et al. (2025) and also confirm the presence of PPEFs during the initial phases of both events.
The positive phase of the 5 November event was relatively short-lived, and already 3–4 hours after the storm commencement the negative phase started to develop (Figs. 5–6). The negative changes in TEC continued to develop over the following 18 hours and could still be observed for up to 36 hours after the storm commencement (see Figs. S1.3–S1.4 in the Supplementary Material S1). We interpret these negative changes as the consequence of the strong expansion of the neutral atmosphere and resulting thermospheric changes. In particular, the strong high-latitude input led to a strong enhancement of the thermospheric neutral temperature around the main phase (∼18–19 UT on 5 November), seen in GOLD scans (Fig. 8), where temperatures at high latitudes exceeded 1200 K compared to around ∼870 K during the quiet times two days prior. Additionally, thermospheric neutral densities at high latitudes, obtained from accelerometer observations on GRACE-FO, have also seen a significant increase by approximately a factor of 5 compared to quiet times, which also contributed to changing the pressure balance of the neutral thermosphere. The consequences of this intense heating (by over 300 K) and neutral density increase are two-fold. Firstly, strong gradients with respect to the equator are known to drive strong equatorward winds, which set up disturbance dynamo currents that affect the equatorial electrodynamics (Blanc & Richmond, 1980; Richmond et al., 2003). The action of disturbance winds could indeed be seen during the 5 November event starting approximately 4 hours after the storm commencement, manifested by a pronounced weakening of the EIA (Fig. 5 at 22:00). DDEFs take around 4 hours to develop and invert the equatorial electric field to the westward direction, and therefore the EIA weakening is in line with the DDEF development.
The second major consequence of the high-latitude storm-time heating is the uplift of the molecular-rich fraction of the neutral air to higher altitudes, which decreases O/N2 ratios in the respective regions. This effect could indeed be seen in TIMED observations in Figure 7. In the East-Antarctic region, where the most pronounced negative TEC effects occurred, the corresponding O/N2 ratios were particularly low, dropping by approximately a factor of 3–4 compared to the quiet times (Fig. 7). The resulting increases in recombination rates provide the most likely explanation of the respective severe negative anomalies in IsUG. The strong hemispheric asymmetry in O/N2 observed during the event, with stronger drops in the Southern (local summer) hemisphere, can be explained by higher efficiency of the thermospheric expansion during the local summer conditions. In particular, the conductivity due to solar production is higher in the local summer hemispheres, which adds to the Joule heating source by >50% compared to the local winter conditions (Fuller-Rowell et al., 1996). Therefore, the expansion of the molecular-rich air during storm times is expected to occur more efficiently in the local summer hemisphere (in our case, the Southern hemisphere). The corresponding depletions O/N2 in ratios to extremely low values agree well with this explanation. Additionally, the storm-time disturbance neutral winds in the local summer hemispheres are aligned with the background thermospheric summer-to-winter circulation. Therefore, during storms these winds are enhanced and help transport the composition changes to mid- and low latitudes (Fuller-Rowell et al., 1994, 1996). This effect could be seen during the 5 November event, with depletions of O/N2 ratios extending down to the equatorial latitudes (Fig. 7) causing additional depletions of VTEC.
It should also be noted that the 4 November event corresponded to a relatively mild CIR-driven storm, although a potential glancing CME encounter has been identified by Gil et al. (2024). It had a very low solar wind velocity below the average quiet-time levels (around 330 km/s). Nevertheless, this event corresponded to strong southward IMF Bz (−13 nT) and produced changes in the ionosphere that were classified as severe by the EGNOS system, limiting the APV-I availability over Europe. This event underscores the role of solar wind density and IMF Bz polarity on the ionospheric morphology, and gives useful hints for improving the existing empirical models of the ionosphere. Our results demonstrate that the history of several solar wind parameters, including IMF Bz and solar wind velocity and pressure, might need to be considered as driving parameters for the empirical models, alongside the traditional inputs such as Kp and F10.7.
5 Summary and conclusions
Finding ionospheric indices that are suitable for real-time monitoring and represent realistic structures has traditionally been a challenge due to the highly non-linear nature of ionospheric dynamics, driven by both the internal variability and coupling with the magnetosphere and thermosphere. In this study, we analyze the morphology of the ionosphere-thermosphere system on 4–5 November 2023, and evaluate the ability of the recently developed IsUG index maps to track the ionospheric anomalies in relation to the underlying physical processes. The complex heliospheric conditions during this period caused a composite geomagnetic storm with two activity periods: a moderate disturbance on 4 November caused by a CIR compression, and an intense event on 5 November following the additional arrival of two successive CMEs. In both cases, IsUG highlighted initial positive anomalies, which we attribute to prompt penetration electric field (PPEF) effects during the first few hours of both events. On 5 November, stronger convection led to the development of a superfountain effect in the American sector, marked as a severe positive anomaly in IsUG. The delayed ionospheric responses of the two events were significantly different, with a weak and localized negative phase following the 4 November event and severe negative disturbances after the 5 November storm. This difference is linked to varying high-latitude heating. While during the first event the high-latitude heating was weak, an intense heating and thermospheric expansion could be seen during the 5 November storm, causing intense depletions of O/N2 ratios in the Southern hemisphere and disturbance neutral winds that redistributed these changes to low latitudes and caused global negative ionospheric effects.
Our results provide a case study highlighting the variability of the ionosphere-thermosphere system during complex geomagnetic storms. Analyzing such events and delineating the respective drivers is crucial for mitigating the hazards that they pose. Real-time monitoring of such events can be done, for instance, by using the ionospheric IsUG index that is derived from the UQRG VTEC maps. This paper is the first one to apply the IsUG to analyze processes during a geomagnetic storm as a case study. Our results show that features highlighted as anomalous by IsUG align well with physical processes in the ionosphere-thermosphere system depicted by other instruments. The IsUG index can be further updated in the future to take into account the events from the ongoing solar cycle 25 and can be used in various applications related to ionospheric research and space weather monitoring.
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	[image: Thumbnail: Fig. S1.1: Refer to the following caption and surrounding text.]	Fig. S1.1: Latitudinal profiles of VTEC in the American sector (GLon = -100°) for the 4 and 5 November events compared to the quiet-time baseline on 3 November. All the curves are for 20:00 UT. During the 4 November event, VTEC was enhanced mainly at high latitudes, by up to 50-100%, and also formed an SED plume where VTEC was enhanced by ~70%. During the 5 November storm, a notable superfountain effect could be seen, with the EIA crests extending up to ~30-40° QDLat (see also Figure 5 in the main text), and the corresponding VTEC increases by up to 100%.



	[image: Thumbnail: Fig. S1.2: Refer to the following caption and surrounding text.]	Fig. S1.2: UQRG VTEC keograms for the American (a), European (b) and Australian (c) sectors during the period of the study. In the American sector, a notable superfountain effect was formed around 18-20 UT on 5 November (during the storm’s main phase consistent with PPEF action). In the Australian sector, one could observe merging of the EIA crests in the recovery phase of the storm, consistent with thermospheric changes (strongly depleted O/N2 ratios in the region).



	[image: Thumbnail: Fig. S1.3: Refer to the following caption and surrounding text.]	Fig. S1.3: VTEC maps on 6-7 November 2023 (after the storm).



	[image: Thumbnail: Fig. S1.4: Refer to the following caption and surrounding text.]	Fig. S1.4: Global maps of the IsUG index on 6-7 November 2023 (after the storm). The negative phase could be seen up to 10 UT on 7 November.



	[image: Thumbnail: Fig. S1.5: Refer to the following caption and surrounding text.]	Fig. S1.5: GOLD O/N2 scans for the period of the study. During the main storm on 5 November 2023, O/N2 ratios were enhanced at mid-latitudes in the Northern hemisphere but showed a strong decrease at high-latitude regions in the Southern hemisphere.



	[image: Thumbnail: Fig. S1.6: Refer to the following caption and surrounding text.]	Fig. S1.6: Equivalent convection patterns derived from Supermag. During the first moderate event on 4 November, one could see enhanced convection compared to the quiet conditions on 3 November. During the strong 5 November event, the convection patterns were much stronger and expanded down to 40° of latitude.
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Table 1 
The definition and occurrence probability of IsUG derived from UQRG GIMs during the period 1997–2014 (reproduced from Liu et al. (2021)).
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Table 2 
LSTID events during the 4–6 November 2023 geomagnetic storm from the Segarra et al. (2024) catalog.
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	[image: Thumbnail: Figure 1 Refer to the following caption and surrounding text.]	Figure 1 EGNOS APV-I combined daily availability for (a) pre-storm conditions on 3 November 2023, and (b) storm conditions on 4 November 2023 that corresponded to a significant decrease of the APV-I availability, especially in the Northern Europe (from >99.9% before the storm to ∼80% during the storm). This prompted the notification of “important/severe” degradation to be sent out, and represents one of only 25 occurrences since 2014 where such strong degradation occurred.
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	[image: Thumbnail: Figure 2 Refer to the following caption and surrounding text.]	Figure 2 Solar wind and geomagnetic conditions during the period of this study. The times of three sudden storm commencements are marked with yellow vertical lines.
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	[image: Thumbnail: Figure 3 Refer to the following caption and surrounding text.]	Figure 3 VTEC evolution during the 4 November event. VTEC was mostly enhanced, both at high latitudes and around the EIA crests. In the main phase, a SED plume developed over the North American sector around 22:00 UT.
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	[image: Thumbnail: Figure 4 Refer to the following caption and surrounding text.]	Figure 4 Ionospheric storm-time index IsUG during the 4 November 2023 event. The pre-storm values remained close to zero, while during the storm one could see the development of a strong positive phase at high and mid-latitudes, followed by a weak negative phase ∼8 hours later, localized in the Southern hemisphere.
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	[image: Thumbnail: Figure 5 Refer to the following caption and surrounding text.]	Figure 5 VTEC evolution during the strong storm on 5 November 2023. In the main phase (around 18–20 UT), a strengthening of the EIA could be observed, as well as a formation of a SED plume around North America. However, already by 22:00 UT the EIA crests weakened, and subsequently a strong negative phase has developed.
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	[image: Thumbnail: Figure 6 Refer to the following caption and surrounding text.]	Figure 6 IsUG variations during the strong storm on 5 November 2023. In the main phase, there were strongly positive high-latitude VTEC enhancements that quickly involved low and equatorial latitudes. Around 22:00 UT on 05 November, a negative storm phase started to develop. Over the following day, an extreme negative phase occurred, with most pronounced effects in the Southern hemisphere.
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	[image: Thumbnail: Figure 7 Refer to the following caption and surrounding text.]	Figure 7 O/N2 observations by TIMED/GUVI. A strong decrease occurred in the Southern hemisphere during the 5 November event, with values dropping by a factor of 4 compared to quiet times.
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	[image: Thumbnail: Figure 8 Refer to the following caption and surrounding text.]	Figure 8 Neutral thermospheric temperature scans by GOLD. Neutral temperatures showed pronounced increases around the main phase of the storm at high latitudes (around 18:30 UT on 5 November).
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	[image: Thumbnail: Figure 9 Refer to the following caption and surrounding text.]	Figure 9 (a) Geomagnetic Hp30 index, (b) merging electric field, and neutral density observations by GRACE-FO (c) in the dawn and (d) dusk sectors (local times of equatorial crossings 7.5 and 19.5 hours, respectively) throughout the period of the study.
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	[image: Thumbnail: Figure 10 Refer to the following caption and surrounding text.]	Figure 10 Snapshots indicating LSTID activity over Europe on 4 November (a) and 5 November (b) obtained from ionosonde data using the HF-INT method. During the 5 November storm, the LSTID velocities were around 750 m/s and propagated towards the equator, while during the 4 November event the velocities were lower and their vectors were directed southwest.
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	[image: Thumbnail: Fig. S1.1: Refer to the following caption and surrounding text.]	Fig. S1.1: Latitudinal profiles of VTEC in the American sector (GLon = -100°) for the 4 and 5 November events compared to the quiet-time baseline on 3 November. All the curves are for 20:00 UT. During the 4 November event, VTEC was enhanced mainly at high latitudes, by up to 50-100%, and also formed an SED plume where VTEC was enhanced by ~70%. During the 5 November storm, a notable superfountain effect could be seen, with the EIA crests extending up to ~30-40° QDLat (see also Figure 5 in the main text), and the corresponding VTEC increases by up to 100%.
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	[image: Thumbnail: Fig. S1.2: Refer to the following caption and surrounding text.]	Fig. S1.2: UQRG VTEC keograms for the American (a), European (b) and Australian (c) sectors during the period of the study. In the American sector, a notable superfountain effect was formed around 18-20 UT on 5 November (during the storm’s main phase consistent with PPEF action). In the Australian sector, one could observe merging of the EIA crests in the recovery phase of the storm, consistent with thermospheric changes (strongly depleted O/N2 ratios in the region).
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In the text



	[image: Thumbnail: Fig. S1.4: Refer to the following caption and surrounding text.]	Fig. S1.4: Global maps of the IsUG index on 6-7 November 2023 (after the storm). The negative phase could be seen up to 10 UT on 7 November.
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	[image: Thumbnail: Fig. S1.5: Refer to the following caption and surrounding text.]	Fig. S1.5: GOLD O/N2 scans for the period of the study. During the main storm on 5 November 2023, O/N2 ratios were enhanced at mid-latitudes in the Northern hemisphere but showed a strong decrease at high-latitude regions in the Southern hemisphere.
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	[image: Thumbnail: Fig. S1.6: Refer to the following caption and surrounding text.]	Fig. S1.6: Equivalent convection patterns derived from Supermag. During the first moderate event on 4 November, one could see enhanced convection compared to the quiet conditions on 3 November. During the strong 5 November event, the convection patterns were much stronger and expanded down to 40° of latitude.
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        VTEC evolution during the 4 November event. VTEC was mostly enhanced, both at high latitudes and around the EIA crests. In the main phase, a SED plume developed over the North American sector around 22:00 UT.
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        VTEC evolution during the strong storm on 5 November 2023. In the main phase (around 18–20 UT), a strengthening of the EIA could be observed, as well as a formation of a SED plume around North America. However, already by 22:00 UT the EIA crests weakened, and subsequently a strong negative phase has developed.
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        O/N2 observations by TIMED/GUVI. A strong decrease occurred in the Southern hemisphere during the 5 November event, with values dropping by a factor of 4 compared to quiet times.
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        Snapshots indicating LSTID activity over Europe on 4 November (a) and 5 November (b) obtained from ionosonde data using the HF-INT method. During the 5 November storm, the LSTID velocities were around 750 m/s and propagated towards the equator, while during the 4 November event the velocities were lower and their vectors were directed southwest.
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        Latitudinal profiles of VTEC in the American sector (GLon = -100°) for the 4 and 5 November events compared to the quiet-time baseline on 3 November. All the curves are for 20:00 UT. During the 4 November event, VTEC was enhanced mainly at high latitudes, by up to 50-100%, and also formed an SED plume where VTEC was enhanced by ~70%. During the 5 November storm, a notable superfountain effect could be seen, with the EIA crests extending up to ~30-40° QDLat (see also Figure 5 in the main text), and the corresponding VTEC increases by up to 100%.
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        UQRG VTEC keograms for the American (a), European (b) and Australian (c) sectors during the period of the study. In the American sector, a notable superfountain effect was formed around 18-20 UT on 5 November (during the storm’s main phase consistent with PPEF action). In the Australian sector, one could observe merging of the EIA crests in the recovery phase of the storm, consistent with thermospheric changes (strongly depleted O/N2 ratios in the region).
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        VTEC maps on 6-7 November 2023 (after the storm).

      

    

  
    
      Fig. S1.4: 
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        Global maps of the IsUG index on 6-7 November 2023 (after the storm). The negative phase could be seen up to 10 UT on 7 November.
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        GOLD O/N2 scans for the period of the study. During the main storm on 5 November 2023, O/N2 ratios were enhanced at mid-latitudes in the Northern hemisphere but showed a strong decrease at high-latitude regions in the Southern hemisphere.
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        Equivalent convection patterns derived from Supermag. During the first moderate event on 4 November, one could see enhanced convection compared to the quiet conditions on 3 November. During the strong 5 November event, the convection patterns were much stronger and expanded down to 40° of latitude.
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Global maps of the IsUG index during the first (moderate) event on 4 November 2023
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VTEC during the second (strong) event on 05 November 2023
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Global maps of the IsUG index during the second (strong) event on 5 November 2023
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Global maps of the IsUG index after the storm
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VTEC after the storm
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(a) 03 November 2023, 18:45 UT
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